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ANALYSIS OF THE FEASIBILITY OF REPLACING FABRIC SKIN IN HALF-
SHELL STRUCTURAL DESIGNS

Analiza mozliwoS$ci zastapienia pokrycia ptéciennego w konstrukcjach péiskorupowych

Stawomir TKACZUK ORCID 0000-0001-9546-4278
Piotr LESZCZYNSKI ORCID 0000-0002-8182-2430
Jarostaw DABROWSKI

DOI: 10.15199/160.2021.4.1

Abstract: One of the many issues associated with aircraft operations is that of structural designs with fabric skin. As one
of the solutions addressing these problems, this paper proposes replacing the existing fabric skin with a new covering made of
a composite material. The object of analysis available to the authors was a horizontal stabilizer of Mi-2 helicopter. This paper
presents the results of fatigue tests applied to the thin-walled structure of the horizontal stabilizer, carried out under two scenarios:
() with the fabric skin removed and (Il) with the composite material skin installed. During the tests, strain values were measured
at selected points of the stabilizer structure, using linear type resistance strain gauges and in a rectangular rosette arrangement.
The test results confirmed the feasibility of replacing the fabric skin with a composite material skin.

Keyword s: aircraft, fabric skin, composite material skin, fatigue testing, strain measurement

Streszczenie: Jednym z wielu zagadnien zwigzanych z eksploatacjg statkow powietrznych sg problemy dotyczace
zespotow konstrukcyjnych posiadajacych ptocienne pokrycie. Jako jedno z rozwigzan tych problemoéw, w artykule zaproponowano
zastgpienie dotychczasowego pokrycia ptociennego nowym pokryciem w postaci materiatu kompozytowego. Obiektem analizy,
jakim dysponowali autorzy byt statecznik poziomy $migtowca Mi-2. W artykule przedstawiono rezultaty badan zmeczeniowych
cienkosciennej struktury tego statecznika poziomego, przeprowadzone dla dwoéch przypadkow: (I) z usunietym pokryciem
ptéciennym oraz (ll) z zamontowanym pokryciem kompozytowym. Podczas badan dokonywano pomiaru wartosci odksztatcen
w wybranych punktach struktury statecznika, z wykorzystaniem tensometréw oporowych typu liniowego oraz w uktadzie rozety
prostokatnej. Wyniki badan potwierdzity mozliwos¢ zastgpienia pokrycia ptéciennego pokryciem kompozytowym.

Stowa kluczowe: statek powietrzny, pokrycie ptécienne, pokrycie kompozytowe, badania zmeczeniowe, pomiar

odksztatcen

Introduction

Airframes of aircraft are most often manufactured as
half-shell structures [1,2,11]. A characteristic feature of
such structures is that individual airframe components
are made of metal, mainly aluminum alloys. Due to the
type of materials, riveting is the most common method
of making connections. However, despite the passage of
time, aircraft whose assemblies - primarily the stabilizers
- are made as half-shell structures with fabric skin are
still in service.

Fabric was used extensively in truss airframes due to
the fact that it was the only material available that was
suitable for use as a skin due to its density. The pas-
sage of time caused the number of aircraft with fabric
skin to decline steadily, limiting the use of fabric to special
aircraft, vintage aircraft and gliders, etc. [4] At the same
time, this caused a drastic decrease in qualified person-
nel whose skills would allow them to perform work related
to the replacement of fabric skin, or repair their damage.
Against all appearances, replacing the skin is a very te-
dious and complicated process that also requires manual
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skills from the contractors. Fabric skin also requires exer-
cising care during aircraft operation, as it can be easily
damaged (e.g., torn). Fabric skin exposed to external
factors, i.e. UV light, moisture, dust and even biological
agents (moulds and algae), age quickly and need to be
replaced.

Recognizing the problems associated with the opera-
tion of airframe assemblies covered with fabric, especial-
ly given the absence of personnel and time-consuming
replacements, it was decided to see if it was possible to
replace the fabric skin with another material, i.e. compo-
site material.

Test object

A typical example of a metal, half-shell structure with
a single-circuit caisson with a skin that is flexible (made
of fabric) outside the caisson is the horizontal stabilizer
of the Mi-2 helicopter (Fig.1). Therefore, it was decided
to use this team to study the feasibility of a new skin ma-
terial [7].




Fig. 1. Stabilizer design [7] [Photo S.Tkaczuk]: 1- cover plate;
2- rib No. 1; 3- rib No. 2; 4- rib No. 3; 5- rib No. 4; 6- rib No.
3; 7- pylon; 8- section; 9- rear strip; 10- metal skin; 11-terminal
fairing; 12-truss; 3,14- fabric skin; 15- percale band; 16-coun-
tersunk rivet

Analyzing the design of the stabilizer and the method
of connecting the fabric to the framework, a simple repla-
cement of the fabric with aluminum alloy sheeting was
ruled out. This was not possible due to the design of the
rib racks preventing the use of rivets to connect the co-
vering to the rib.

A proposal was made to replace the fabric with a com-
posite material and in the the first phase of work an san-
dwich structure of glass composite and Herex foam was
used. Glass composite has properties similar to those of
fabric skin - it is strong and flexible.

The composite material skin (Fig. 2) was made as
a single component consisting of an upper and lower

Fig. 2. The top plate of the stabilizer cover and the interior of
the new stabilizer cover [Photo S. Tkaczuk]
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covering plate and a runoff element connecting the two
plates into a single unit. Each cover plate consists of two
layers of E91 glass fabric infused with resin, with Herex
foam sandwiched between them - resulting in a sandwich
design [3]. The application of foam was intended to make
the cover plates rigid in the rib spacing. The base in the
composite material was LR285 epoxy resin + H285 har-
dener [6].

The covering element prepared in this way was glu-
ed to the stabilizer skeleton. The component was glued
directly to the caisson plate and racks of rib No. 1 and
the trailing edge, while for the other ribs, i.e., No. 2, No.
3, and No. 4, were glued through the composite clad-
ding with which they were previously covered. In addition,
along the edge of the caisson at the height of each rib,
the composite element was riveted with one-sided rivets

Experimental tests

Considering the load fatigue of helicopter airframes,
the study was limited to fatigue tests comparing the stabi-
lizer strain without and with a composite skin after a spe-
cified number of fatigue cycles.

* Measurement system

It was decided to perform strength tests of the hori-
zontal stabilizer without skin and with a glued composite
element replacing the fabric skin.

The scope of the test was to perform 500,000 load
cycles with a displacement of 4.5 mm (equivalent to a for-
ce of 1.25 kN) and a frequency of 0.42 Hz. The assumed
load value corresponded to the value of the aerodynamic
force generated by the horizontal stabilizer [10] calcula-
ted for a Mi-2 helicopter flying at 190 km/h [12].

The fatigue tests were conducted on a fatigue test
bench consisting of a loading system and a strain gau-
ge bridge system with a CL 460 multi-channel recorder
for recording measurements from the resistance strain

Fig. 3. Test bench [Photo by S. Tkaczuk]
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Fig. 4. Distribution of strain gauges on the skin: a) top skin, b) bottom skin [Photo. S. Tkaczuk]

gauge system. The elements of the test bench discussed
are shown in Figure 3.

The strain gauges were placed on both sides of the
stabilizer: in a linear arrangement on the surface of the
caisson’s cover plate (at the height of the truss wall) and
in a rectangular arrangement, in the center of the area
between ribs No. 2 and No. 3 (Fig. 4) [9].

Measurements were take under two scenarios: 1) load
on the structure with the fabric skin removed and Il) load
on the structure with the composite skin installed.

Scenario |. Loading of the structure with the fabric skin re-
moved

Test conditions:

During this test, the oscillations of the stabilizer were
investigated in a zero pulsating cycle, i.e. the value of
deviation from the neutral position was +4.5 mm (Fig. 5).
Channel 13 refers to the strain gauge on the lower surfa-
ce of the stabilizer, while Channel 9 indicates the values
read by the strain gauge compressed on the upper surfa-
ce of the stabilizer (Table 1).

Table 1. Strain registration parameters for the initial O cycles -
before the start of the fatigue test [own analysis]

Bottom Top
stabilizer stabilizer
surface surface
Channel 13 Channel 9
Min. value. [um/m] -20 -477
Max. value. [um/m] 501 19
Registration of duration period [s] 77.4 77.4
No. of samples 872 872
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500

L

Time [s]

Strain [um/m]

——Kanat13 ——Kanat9

Fig. 5. Diagram of strain changes over time: Channel 9 - strain
gauge on the top surface of the stabilizer, Channel 13 - strain
gauge on the bottom surface of the stabilizer [own analysis]

Scenario 2. Loading of structure with composite skin instal-
led.

Strain gauge measurements

In this fatigue test, channels numbered 9 through 12
of the CL460 Multi-Channel recorder corresponded to
strain gauges on the upper surface of the stabilizer, while
channels numbered 13 through 16 indicated the values
read by the strain gauges on the lower surface of the
stabilizer.

Measurement results

Not knowing exactly how the new composite skin un-
der test would behave during the test, such as whether
localised peeling would occur from the dural framework
of the stabilizer, the entire test was divided into stages of
50,000 cycles each. After the completion of each such
step, strain values were recorded for all eight (8) strain
gauges [8].

As examples, Table 2 shows the recorded parameters
for a run of 0 cycles, while Table 3 shows the recorded
parameters for a run of 500,000 cycles. The waveforms

5




Table 2. Strain registration parameters for the initial 0 cycles - before the start of the fatigue test [own analysis]

Top stabilizer surface Bottom stabilizer surface
Measurement case . I I 1.
Channel No. 9 9 10 1 12 13 13 14 15 16
min. [pm/m] -477 | -522 | -100 | -470 -55 -20 -5 -13 -19 -13
max. [um/m] 19 3 -9 -5 -7 501 539 368 659 157
Registration of duration period [s] 77.4 61.8 61.8 61.8 61.8 77.4 61.8 61.8 61.8 61.8
Value in absolute terms [um/m] 496 525 91 465 48 521 544 381 678 170
Table 3. Parameters for recording strains for 500,000 cycles — after completion of the fatigue test [own analysis]

Top stabilizer surface Bottom stabilizer surface
Measurement case . I l. 1.
Channel No. 9 9 10 1 12 13 13 14 15 16
min. [pm/m] -477 | -334 -16 32 -1 -20 -398 -18 0 0
max. [um/m] 19 145 58 479 54 501 86 336 619 73
Registration of duration period [s] 77.4 61.4 61.4 61.4 61.4 77.4 61.4 61.4 61.4 61.4
Value in absolute terms [um/m] 496 479 74 447 55 521 484 354 619 73

for the number of cycles 0 and 500,000 are shown in
Figures 6 and 7.

A comparison of the results obtained on Channels
9 and 13 (Table 2 and Table 3) shows that the absolu-
te values of the measurements made for both measu-
rement cases analyzed are of the same order. For this
type of strain gauge measurement, differences in readin-
gs as small as tens of ym/m are treated as insignificant

700
600
500
400
300

200

100

Strain [um/m]

-600

Kanal 14 Kanal 15 Kanat 16

Fig. 6. Graph of strain changes over time for the initial 0 cycles
- before fatigue testing: Channels 9-12 - strain gauges on the
top surface of the stabilizer, Channels 13-16 - strain gauges on
the bottom surface of the stabilizer

6

because they occur at the fifth decimal place. The results
obtained allow us to conclude that the use of composite
as skin of the tested stabilizer did not change the values
of deformation of the structure. Comparing the strain va-
lues recorded at the beginning of the fatigue test (for 0
cycles) with the strain values measured after the end of
the test (for 500,000 cycles), there were also no signifi-
cant differences in the strain values (Table 2 and Table 3).

Strain [um/m]

S

——Kanat9 ——Kanat10 ———Kanaf11 ——Kanat12 Kanat 13 Kanat 14 Kanat 15 Kanat 16

Fig. 7. Graph of strain changes over time for the final 500,000
cycles - after the end of the fatigue test: Channels 9-12 - strain
gauges on the top surface of the stabilizer, Channels 13-16 -
strain gauges on the bottom surface of the stabilizer
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Major strains

From the strain values measured by rectangular strain
gauge rosettes, for each stage of 50,000 fatigue cycles,
the maximum and minimum major strains, expressed by
the following formulas (1) (2) [5], were calculated:

gote V2
Emax = ——+ \/(50 — &45)% + (€45 — €99)?

2 2

(1)

__ &ot&go
Emin = 2

a
- 72 ) \/(50 — &45)% + (E45 — £99)?

()

Strain [um/m]

100 000,00
200000,00
300 000,00
400 000,00
500 000,00
600 000,00

f
§
<

No. of cycles

—e—max. dla powierzchni gérne] —&— min. dla powierzchni gornej

max. dia powierzchni dolnej —e—min. dla powierzchni dolnej

Fig. 8. Values of maximum and minimum major strains

Table 4. Values of maximum and minimum major strains for successive stages of fatigue testing [own analysis]

Major strains
Top surface of stabilizer Bottom surface of stabilizer
No. of cycles max. [um/m] min. [um/m] max. [um/m] min. [pm/m]

0 465 -326 691 -140
50.000 483 -341 694 -146
100.000 480 -326 670 -143
150.000 424 -299 621 -160
200.000 453 -323 652 -183
250.000 466 -315 643 -154
300.000 445 -302 621 -148
350.000 424 -308 603 -160
400.000 479 -337 681 -211
450.000 477 -333 680 -208
500.000 447 -318 642 -215

The results of these calculations are shown in Table 4.

The results collected in Table 4 are presented graphi-
cally in the summary Figure 8. The figure shows the maxi-
mum and minimum values of the calculated major strains.
The values of maximum major strains were recorded on
the skin of the bottom surface of the stabilizer in tension,
whereas the values of minimum major strains were re-
corded on the skin of the top surface of the stabilizer in
compression.

Conclusions
Based on the obtained results of fatigue tests of the

horizontal stabilizer of Mi-2 helicopter, it was concluded
that:

The use of a skin made of glass composite reinforced
with Herex spacer did not enhance the rigidity of the
stabilizer.

2. The results obtained during the carried out tests fully

confirmed an option of replacing thefabric skin with
a composite material skin.

3. There was no increase in the strain values of the skin

itself compared to the strain values measured prior to
the fatigue tests.

4. If the fabric skin was replaced with a composite ma-

terial skin, the service life of this structural assembly
would probably be extended. However, the authors
of this paper are unable at this stage to determine
precisely by how many calendar years or operational
hours.
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COMPARISON OF SURFACE TOPOGRAPHY AFTER LENS-SHAPE END
MILL AND BALL ENDMILL MACHINING

Poréwnanie topografii powierzchni po obrébce frezem soczewkowym oraz kulistym
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Abstract: The article presents the results of comparative investigations concerning surface topography obtained as a result
of machining the workpiece with ball end and lens-shape end mills. The analysis was conducted for various values of width of
cutting ae and feed speed fz. The research results include the comparison of surface topography maps and parameters of linear
and surface roughness. It was shown. as a result of the research. that the use of lens-shape end mill allows to obtain similar
values of surface topography parameters to the obtained values in machining with ball end mill. while achieving more than twice
the efficiency of machining. As a result. there was demonstrated the potential for the use of lens-shape end mills in finishing
operations as a useful alternative to ball end mills.

Keywords: lens-shape end mill. barrel end mill. ball end mill. surface topography. surface roughness

Streszczenie: W artykule przedstawiono wyniki badan poréwnawczych topografii powierzchni uzyskanych po obrébce
przedmiotu frezem kulistym oraz soczewkowym. Analize przeprowadzono dla réznych wartosci szerokosci skrawania a, oraz
predkosci posuwu f,. Wyniki badan obejmujg poréwnanie map topografii powierzchni oraz parametréw chropowatosci. liniowych
i powierzchniowych. W wyniku badan wykazano. ze zastosowanie freza soczewkowego pozwala na uzyskanie zblizonych wartosci
parametréw topografii powierzchni jak po obrébce fezem kulistym. osiagajgc przy tym ponad dwa razy wieksza wydajnos¢
obrébki. W rezultacie wykazano potencjat zastosowania frezéw soczewkowych w operacjach wykonczeniowych jako uzytecznej
alternatywy dla narzedzi kulistych.

Stowa kluczowe: frez soczewkowy. frez barytkowy. frez kulisty. topografia powierzchni. chropowato$é powierzchni

Introduction

Currently. the five-axis milling method is widely used
in the production of components with complex geometry
in many branches of industry. Thanks to its flexibility.
this technology found its success in the production of
parts for several industries like aviation. automotive.
tool. energy and medical industries. Additionally. five-
axis milling is subject to increasing expectations both
in terms of dimensional accuracy and surface quality of
manufactured products.

In the case of finishing machining freeform surfaces.
the types of mills with the widest use are the ball end
mills (Fig. 1a). Their main advantage is a wide range
of applicability in relation to the shape of the machined
surface and easy gen-eration of tool paths. However.
the machining process using ball end mills shows a has
a very low efficiency due to the large quantity of tool
paths required [4-7] .

The popularity of ball end mills is reflected in a very
large number of scientific studies. The issues related to  Fig- 1. Diagram of: ) ball end mill (d = 2-r). b) lens-shape end

. . mill (d<< 2'r,). c) oval-form end mill (d<< 2-r;)
the mechanics and dynamics of the process were taken
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up by Altinas et al. [1, 8]. In their work. they developed
a mathematical description of the geometry of the ball
end milling cutter and model of the cutting layer cross-
section as well as proposed mechanistic equations for the
components of the cutting force.

Larue. Ferry et al. [9, 10, 12] extended the analysis
with the peripheral milling. Moreover, Wojciechowski
[22] proposed a model of the components of the cutting
force. vibration. deformation and tool wear when
machininghardened steels. Additionally. Ghorbani et al.
[11] included the values of the principal curvatures of the
machined freeform surface and the values of the radial
runout of the mill in the cutting force model.

The subject of surface topography obtained after
machining with a ball end mill was discussed by
Arizmendi et al. [2]. They proposed an analytical model
for determining the surface topography after machining
with a ball end mill based on the trajectory of the cutting
edge movement. taking into account technological
parameters such as tool feed. cutting depth. cutting width
and tool radial runout. Moreover. Seyed Ehsan et al. [15]
continued the issue for the case of five-axis machining.
They proposed a method for determining the surface
topography in which the position of the tool axis was
taken into account by defining the lead and tilt angles.

Due to the intensive development of CAM software. it
is becoming more frequent to use the tools with unusual
shapes. Circle segment end mills are gaining more and
more popularity. especially in the finishing of freeform
surfaces. The geometry of these tools is defined by an
arc. whose radius r, is many times greater than the radius
of the tool shank d/2 [24. 25]. This solution makes possible
maintaining the desired surface quality. while significantly
reducing the number of tool paths. However. the main
disadvantage of that type of tools is the limited positioning
range in relation to the machined surface [4-7].

Scientific studies concerning the circle segment
end mills most often put their focus on barrel-shape
and oval form tools. Artrxe. Urbikain et al. [3] presented
a mathematical description of the geometry of an oval
form endmill and proposed a mechanistic model of cutting
force components with reference to the radial runout of
the tool. In subsequent works [16, 17, 19] the model
was developed further by analysing the influence of the
lead angle. tilt angle and vibrations on the distribution of
cutting force components. This issue was also developed
for barrel-shape tools in the work of Olver et al. [14].

Urbikan et al. [18, 20] presented a mathematical
and empirical models for the determination of surface
roughness after machining with an oval form and a barrel-
shape mill. The issues of positioning and generating
a tool path of the barrel-shapeend mills were taken up
in the work of Wang et al. [21]. YaoAn et al. [23] and
Ming et al. [13]. Each of the works presents different
algorithms for determining the position of the tool axis
and points of contact with the machined surface in the
case of peripheral milling.
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One type of circle-segment end tools is the lens-
shape end mill. Despite theavailabilityof the solution of
this type of mills offered by tool manufacturers. there is no
scientific literature on this subject. The aim of this study
is to demonstrate the applicability of lens-shape end mills
as an alternative to ball end mills in five-axis finishing
milling operations.

Materials and methods

The first stage of the research was to perform
a finishing operation of the test workpiece. consisting of
a surface divided into 16 areas (Fig. 3). Different values
of the path width b, and the tool feedrate v; were used for
each of 16 machined areas. Tests numbered 1 — 8 were
carried out with a EMUGE FRANKEN 3544L.10020A
lens-shape end mill with a radius of r, = 40 [mm] (Fig.
2a). while tests numbered 9 —16 were performed using
a Sandvik Coromant R216.42-10030-AC19P 1620 ball
end mill with a radius r=5 [mm] (Fig. 2b). Both tools were
mounted in a Sandvik Coromant 930-HA06-HD-20-104
holder with the same overhang equal to 37 [mm].

Y
)

a)

b)

Fig. 2. Tools used for tests a) lens-shape end mill EMUGE
FRANKEN 3544L.10020A b) ball end mill Sandvik Coromant
R216.42-10030-AC19P 1620

b)
L ~— Lead angle
% Lens-shape
' endmill
Tool path
Machining
area

c)

—~ Lead angle
87 Ball

Tool path
Machining

Fig. 3. Scheme of a) machine tool configuration. b) lens-shape
end mill machining. c) ball end mill machining
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Fig. 4. Research—-measurement stand: a) DMU 100 monoBLOCK milling centre. b) 3Dsystem InfiniteFocus Alicona optical micro-

scope

In each operation, a lead angle was used to avoid
contact of the tool tip with the machined surface. which
would result in a machining at zero cutting speed. In the
case of the lens-shapeend mill, the lead angle was set
to 4° (Fig. 3b). Using a larger value would engage the
radius r, in machining. On the other hand, for the ball end
mill, a lead angle of 45° was set in order to achieve the
maximum effective diameter of the tool (Fig. 3c). In this
case, setting a larger lead angle would result in a collision

of the tool holder with the workpiece. The tests were car-
ried out on a DMU 100 monoBLOCK multi-axis milling
center (Fig. 4a). The material machined during the tests
was 42CrMo4 steel. The technological and kinematic pa-
rameters used during machining are presented in table 1.

The next stage of the research was focused on
measurements of the machined surface topography.
They were performed using the 3Dsystem Infinite Focus
Alicona optical microscope (Fig. 4b).

Table 1. Technological and kinematic parameters used during the first stage of the test

Cutting width
b, [mm]

Cutting deapth

No Tool
a, [mm]

Tool feed v;
[mm/min]

Spindle speed

n [min""] Lead angle [°]

Tilt angle [°]

-

0.2

0.4

0.6

Lens-shape end 0.8
mill Emuge Franken
3544L.10020A 0.2

0.4

0.6

0.8

0.2

© | o | N |loa|bd~|w| N

0.2

-
o

0.4

-
vy

0.6

Ball end mill
Sandvik Coromant 0.8
R216.42-10030-AC19P 0.2
1620

-
N

-
w

-
S

0.4

-
[}

0.6

-
o

0.8

1145.85

1604.19

7939 0

1145.85

45

1604.19
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Results and Discussion
For all measured surface roughness profiles. the va-

lues of the profile roughness parameters Ra. Rq. Rz. Rt
(Fig. 5) show similar trends. As the path width increases

a)
2,5

- =il mnll i I
0,2 0,4 0,6 0,8

b, [mm]
c)
12

10

2
, mull IlI “| "|
0,2 0,4 0,6 0,8

b, [mm]

Rz [um]
o

P Lens-shape end miill
ve = 1145.85[M™/min]

[ Lens-shape end miill
vi= 1604.19 [™/min]

linearly. The roughness parameters increase in an ap-
proximately linear manner. The change in tool feed did
not significantly affect the results because the discrepan-
cies it caused were within the measurement error margin.

1
I |
0,2 0,4 0,6 0,8

b, [mm]

Rt [um]
[e)]

N

4 I | |
canll W “ II
0,2 0,4 0,6 0,8

b, [mm]

Ball end mill
vi= 1604.19 [M™™/min]

[ Ball end mill
ve = 1145.85["/min]

Fig. 5. Graphs depicting profile parameters of surface roughness a) arithmetic mean deviation — Ra. b) Root mean square devia-

tion — Rq. ¢) Maximum height — Rz. d) Total height — Rt

In the case of machining with a ball end mill. along
with the increase in the width of the tool path. the sur-
face roughness value increases significantly. It is parti-
cularly noticeable in the case of low path widths — when
changing the b, from 0.2 [mm] to 0.4 [mm] an increase in
all roughness parameters by over 100% is visible. With
a further increase in the br parameter, the increase in
the roughness parameters for the subsequent steps is
approximately 50% and 30%, respectively.

Measurements of the roughness of the surface milled
with a lens-shape end mill show lower values compared
to the surface machined with a ball end mill. For the path
width b= 0.2 [mm], it can be observed that the values
of Ra and Rq parameters constitute 30% of the values
obtained for the surface machined with a ball end mill.
and for Rz and Rt they equate to 50% of this value. An
increase in b, parameter causes an increase in the rough-
ness parameters. By analysing and comparing the values
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of the roughness parameters, in particular for larger path
widths, at least a 70% decrease in the roughness para-
meters values is visible.

All areal roughness parameters computed from me-
asurement data show similar tendencies. As the path
width b, increases linearly. there is an approximately
exponential increase in the surface stereometry parame-
ters Sa. Sq. Sz. St (Fig. 6).This tendency is particularly
visible on the measured surface topographies (Tab. 2).
where the increase of the path width b, is much more
significant in the upper ranges of the b, values. It is no-
teworthy, that for a lens-shape end mill the exponent is
smaller than for a ball mill. This relationship is clearly
visible on the measured topography which shows much
greater differentiation for the ball mill. At higher b, valu-
es, when comparing the analysed cutters, the results of
measurements are characterized by much greater diffe-
rences. For v~ 1604.19 [mm/min] with b, = 0.2 [mm] the
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Fig. 6. Graphs depicting areal surface parameters of roughness a) arithmetic mean deviation — Sa. b) Root mean square deviation

— Sq. ¢) Maximum height — Sz. d) Total height — St.

difference in the Sq parameters for both end mills is only
about 0.2 [um]. After the increase to b, = 0.8 [mm], the
measurement of the Sq parameter of the surface machi-
ned by the lens-shape end mill was 1.1937 [um], and for
the ball end mill it was 4.8151 [um]. This means that for
Sq parameter, using a lens-shape end mill with a large
path width b,, it was possible to achieve a 75% reduc-
tion of the measured value. In the case of areal surface

Table 2. Surfaces topography after milling

roughness parameters, similarly to the profile rough-ness
parameters, no significant changes resulting from a chan-
ge in tool feed were observed. The only inaccuracy is in
the measurement of the parameter Sz and St, where for
b, = 0.8 [mm] there was observed a decrease in the value
of the roughness parameter with increasing tool feed. It
can probably be caused by external disturbances or vi-
brations in the cutting process.

N° 1: v, = 1145.85 [" b, = 0.2 [mm]
Sa = 0.19470 [um] Sq = 0.24274 [um]

N° 9: v, = 1145.85 ["™/m] p, = 0.2 [mm]
Sa = 0.42792 [um] Sq = 0.52928 [um]

N° 2: v,= 1145.85 ["™/_ 1b,= 0.4 [mm]
Sa = 0.32818 [um] Sq = 0.40083 [um]

N° 10: v, = 1145.85 ["™/ ;.1 b, = 0.4 [mm]
Sa =1.0423 [um] Sq = 1.2251 [um]

3 ¥ & 3 =
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Ne 3: v,= 1145.85 [™™/ .1 b, = 0.6 [mm]
Sa =0.57917 [um] Sq = 0.68962 [um]

N° 11: v, = 1145.85 ["™/ .. .] b, = 0.6 [mm]
Sa =2.2159 [um] Sq = 2. 5983 [pum]

EEE s

N° 4: v, = 1145.85 [mm/min] b, = 0.8 [mm]
Sa = 1.0025 [um] Sq = 1.1867 [um]

N° 12: v, = 1145.85 [mm/min] b, = 0.8 [mm]
Sa = 4.0601 [um] Sg = 4.7517 [um]

N° 5: v, = 1604.19 [mm/min] b, = 0.2 [mm]
Sa =0.28247 Sq = 0.35433

N° 13: v;= 1604.19 [mm/min] b, = 0.2 [mm]
Sa = 0.39209 [um] Sq = 0.47982 [um]

N° 6: v, = 1604.19 [mm/min] b, = 0.4 [mm]
Sa = 0.33048 [um] Sq = 0.40120 [um]

NP 14: v, = 1604.19 [mm/min] b, = 0.4 [mm]
Sa = 1.0463 [um] Sq = 1.2352 [um]

N° 7: v, = 1604.19 [mm/min] b, = 0.6 [mm]
Sa =0.58755 [um] Sq = 0.70416 [um]

N° 15: v; = 1604.19 [mm/min] b, = 0.6 [mm]
Sa =2.2358 [uym] Sq = 2. 6240 [um]

E T .

N° 8: v; = 1604.19 [mm/min] b,= 0.8 [mm]
Sa =1.0094 [um] Sq = 1.1937 [um]

N° 16: v; = 1604.19 [mm/min] b, = 0.8 [mm]
Sa =4.1592 [um] Sq = 4.8151 [um]

Conclusions

The results of research allow to draw the following
conclusions:

* As the path width br increases, all the measured va-
lues of the surface geometrical structure parameters
increase. However, the surface geometrical structure
parameters increase with the path width b, exponen-
tially. At the same time the profile roughness parame-
ters increase with the path width br linearly (fig. 5).

* The surfaces machined with a lens-shape mill is cha-
racterised by a lower roughness compared to the
surfaces machined with ball end mill, especially when
larger values of the path width b,, even up to 75%, are
considered.

» The feed in the range of values applied in the tests
does not significantly affect the roughness parame-
ters.

The research shows that the use of a lens-shape end
mill allows for obtaining values of the surface topography
parameters similaras the ones after the machining with
a ball mill. with more than a double of the path width b,.

14

The potential of using lens-shape end mills in finishing
operations as an alternative to ball mills provides grounds
to continue research in the same direction as for other
circle segment end mills.
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NUMERICAL SIMULATION OF FLOW THROUGH MICROCHANNELS OF
TECHNICAL EQUIPMENT WITH TRIANGULAR AND RECTANGULAR
ELEMENTS OF ROUGHNESS

Symulacje numeryczne przeplywu przez mikrokanaly urzadzen technicznych
z trojkatnymi i prostokatnymi elementami chropowatosci

Matgorzata KMIOTEK
Tomasz IWAN

ORCID: 0000-0003-3229-0367
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Abstract: This paper presents a computational study on an influence of a rough surface on the fluid flow in a microchannel
used in various technical microdevices of complex products. Two-dimensional axially symmetrical microchannels with a circular
cross-section were considered. The fluid flow were simulated as simple geometric figures, i.e. a triangle and a rectangle with
different height h and different distance s between each other. The flow equations were solved with Ansys / Fluent software.
A streamline analysis is performed to investigate the flows in the recirculation zone behind the roughness elements. It was found
that the friction factor increases with increasing height of rough elements. The coefficient of friction factor is greater for rectangular
elements than for triangular elements, and decreases as the geometry of the element changes. Friction factor decreases as the
Reynolds number increases. The authors indicate that in the production of microchannels of complex products, it is recommended
to use triangular elements to model roughness.

K ey word s: natural mechanical engineering, roughness, microchannels, Ansys, friction factor

Streszczenie: Celem pracy jest okreslenie wptywu chropowatej powierzchni na przeptyw ptynu w mikrokanatach
stosowanych w réznych mikrourzadzeniach technicznych ztozonych wyrobéw. Rozpatrywano dwuwymiarowy osiowo-
symetryczne mikrokanaty o przekroju kotowym. Chropowato$¢ zostata zasymulowana jako proste figury geometryczne tj. trojkat
i prostokat o roznej wysokosci h i roznej odlegtosci s miedzy sobg. Réwnania przeptywowe zostaty rozwigzane za pomoca
oprogramowania Ansys/Fluent. Przeprowadzana jest analiza linii pragdu w celu zbadania przeptywow w strefie recyrkulacji za
elementami chropowatosci. Stwierdzono, ze wspoétczynnik tarcia wzrasta wraz ze wzrostem wysokosci elementéw chropowatych.
Wspéiczynnik tarcia jest wigkszy dla elementéw prostokatnych niz tréjkgtnych i zmniejsza sig¢ wraz ze zmiang geometrii elementu.
Straty tarcia malejg wraz ze wzrostem liczby Reynoldsa. Autorzy wskazujg, ze w produkcji mikrokanatéw ztozonych wyroboéw do

modelowania chropowatosci zaleca sie uzywac elementow trojkatnych.
Stowa kluczowe: inzynieria mechaniczna, chropowato$¢, mikrokanaty, Ansys, straty tarcia

Introduction

The miniaturization of devices, especially electronic
devices, resulted in the miniaturization of mechanical
parts and machines, which allowed for the development
of production processes for very small machines, e.g.
microengines, micropumps, and microreactors. Micro-
components and microdevices are increasingly used in
many industries: from energy generation, fuel cells to bio-
medical devices, as well as cooling systems. Due to the
intensive development of more complex systems in small
scales, microchannels have become an inseparable part
of most microfluidic devices, hence the necessity to use
small cross-sections, therefore the requirements and
requests related to the use of mini and microchannels are
increasing. The flow and heat transfer models developed
and tested for macrochannels do not take into account
the significant phenomena in the microchannels, and the
difference increases with the reduction of the dimension
characterizing the flow and the surface treatment method.
As the channel size decreases, the effect of roughness
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on fluid flow also increases. A surface roughness is a set
of irregularities, i.e. peaks and pits on the real surface
of an object with relatively small intervals between the
vertices [2, 4, 8].

At the macro scale, the material from which the ele-
ment was made, the type of processing and processing
parameters undoubtedly have the greatest influence of
the surface roughness. The surface can most often be
characterized as a combination of two profiles — waviness
and roughness (some surfaces also show a shape error).
Surface roughness is the result of the simultaneous in-
teraction of many independent factors, both random and
determined, and as a result it has a very complex mi-
crogeometry. The roughness is influenced by many fac-
tors, such as: decohesion processes, plastic deformation
in the cutting zone and the formation of chip segments,
friction of the tool contact surface against the machined
surface, metal crystalline structure, chip friction against
the machined surface, etc. [2, 8].

During the surface treatment of the micro-scale sur-
face roughness is unavoidable. There are many types
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of micromachining methods, such as EDM (electrical di-
scharge machining), ECM (electrochemical machining),
etching, micro-milling, and so on; the precision of pro-
cessing of these methods ranges from 1072um to 5 pm.
Depending on the manufacturing process channels they
may, however, even have a surface roughness compara-
ble to the dimensions of the channel. To properly design
a microdevice, it is necessary to establish the physical
laws that govern fluid flow and heat transfer in micro-
-geometry to taking into account performance of the mi-
crodevice, thus it involves identification of the surface of
microchannels [4].

Although the flows in rough macrochannels are very
well known, the micro scale has not been fully researched
yet. Therefore, in the last few decades, many experimen-
tal studies have been conducted on the microchannels
of different hydraulic diameter. Some studies show that
there are no significant differences in the time of tran-
sition from laminar to turbulent flow, and no differences in
the flow between the macro and micro scale. In contrast,
other studies indicate a change in the character of flow
below the critical value of the Reynolds number (2300)
and a higher coefficient of roughness that occurs in chan-
nels with small hydraulic diameter. It is suggested by the
increase of the roughness effect together with the decre-
ase of the channel size [1, 9].

At the microscale level, it is impossible to obtain
a completely smooth wall surface. According to the know-
ledge of macrosystems, when the relative roughness is
less than 5%, its influence on the coefficient of friction is
negligible [4].

For microscale channels, experimental and numerical
results showed that surface roughness has a significant
effect on heat transfer and heat transfer. For example, the
experiment of Kandlikar et al. indicated that for a 0.62 mm
pipe with a relative roughness height of 0.355%, the influ-
ence of roughness on the friction factor and heat transfer
was significant [3].

A very extensive literature study is shown in [2]. The
main goal was to investigate the effect of roughness on
the friction coefficient and the critical Reynolds num-
ber. The study was based on 33 scientific articles (a to-
tal of 5569 data were collected) for flows in micro- and

—ry

mini-channels with different wall roughness. The authors
concluded that if the relative roughness height is <1%,
it has little effect on the friction coefficient and the criti-
cal Reynolds number. The value of 1% is suggested as
a threshold to distinguish smooth and rough micro- and
mini-channels. However, it is not easy to obtain a perfec-
tly smooth surface using this criterion in real applications
[1].

However, while a large pool of experimental data is
available, there is not yet a complete understanding of all
aspects of microscale flow behaviour, therefore numeri-
cal methods are used to model flows at this scale. The
computational approach can therefore be useful for un-
derstanding the basic physics of the problem on a micro-
scale, because it is possible to analyze several aspects
difficult to grasp in an experiment at the same time, but
also indicate the direction of surface technology in micro-
devices and microchannels.

Most often in the literature, the surface roughness is
modeled with simple geometric shapes, e.g. triangles,
rectangles, squares, ellipses, trapeziums [6, 9]. In the
paper [6], the authors simulate the flow in microchannels,
where the roughness is modeled, inter alia, by means of
triangles and rectangles. The tested relative roughness
ranged from 2.5 to 15%. The analysis shows that the ro-
ughness influences on the streamline distribution. This in-
creases the friction and the pressure differences between
the inlet and outlet. With a high roughness value, this can
keep the flow breaking off near the wall and the formation
of recirculation zones. The detachment and recirculation
flow is probably the main cause of increased friction and
pressure drop [9].

Research methodology

The aim of the study is an estimation of the effect of
roughness on the laminar flow of fluid in microchannels,
as well as to select an appropriate method of roughness
modelling (so that it best reflects the actual phenomenon)
and to compare it with the literature.

Two-dimensional axially symmetric micro channels
with a circular cross-section were considered. Elements
of the rectangular or triangular shape are placed on the
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Fig. 1. The geometry of the microchannel
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walls (simulating the roughness of the channel). Ele-
ments simulating roughness with a constant width w and
different heights h are placed in different distances s. The
microchannel geometry is shown in Fig. 1.

The flow was assumed to be two-dimensional, axi-
symmetric, incompressible and steady (the influence of
gravity is neglect). A characteristic dimension of the Rey-
nolds number is the diameter of the channel. The working
medium is water (fluid density p = 998k—*‘i , dynamic
viscosity 4 = 0,001 Pa - s). "

The parameters used in the calculations are presen-
ted in Table 1, and the dimensionless parameter values
are presented in Table 2.

Table 1. Parameters used for calculations

Characteristic Symbol Value Unit
microchannel length L 1 mm
microchannel diameter D, 50 um
element height h 1/1,75/12,5 um
element width w 2 um
distance between elements s 10/15/20 um
inlet velocity Vi, 2,01 -42,12 m/s

Table 2. Dimensionless height and distance between rough-
ness elements

h h/D, s s/D,,
1 0,02 10 0,2
1,75 0,035 15 0,3
2,5 0,05 20 0,4

The flow realized in the micro channel results from the
principles of conservation of mass and , momentum [4]:

1. The conservation of mass:

9P 4 div(p?) = 0 (1)

at Wipv) =
2. The conservation of momentum:

av = =
p5 = PF— grad p + uAvV (2)
B 7 . kg . .

where: v || — velocity vector, p [F] — fluid density,
F [N]- vector of mass forces, P [Pa] - fluid pressure.

The system of equations adopted for modelling can
be written in the form of equations [4]:
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» Equations of continuity:

10(ru,) | 0(uy)
Tt o =0 3)

* Momentumequations (Navier - Stokes):

(V v, v OVr) _0p 10 ( 614) |74 . %V,
P\ or T2 2) T Tor ror\"ar) " 72 T 522
av, oV, dp 19/ avy o2y (4)
p(hartvg;)= E“‘[?E(TF) oz

The commercial ANSYS software was used to solve
the equations — the Fluent module, using the finite vo-
lume method.The boundary conditions adopted for the
analysis are:

» at the inlet to the channel outlet profile established
reference pressure (Pout = 0 Pa),

» zero tangential velocity on the channel walls (also im-
penetrability of the walls),

« axial symmetry.

When determining the type of flow, a dimensionless
similarity number is defined - the Reynolds number given
by the formula [4]:

_pVDy
u

where: D; [m] — characteristic dimension, u [%] — dyna-
mic viscosity, V [%]— flow velocity

Re 5)

To determine the effect of roughness on the flow in the
microchannel, the formulas used in macrochannels and
milichannels are used, and the dimensionless coefficient
of friction (Fanning or Dracy) can be used to determine
the pressure drop [3]. The Fanning friction coefficient (f)
is defined as:

Tw

fr=1— ®)
Epum

m
where: Ty [P Cl] — shear stresses, U, [?]— average ve-
locity in the channel.

The Dracy coefficient of friction (f), related to the
Fanning coefficient of friction, is expressed as:

fo =4fr @)

The Dracy coefficient is also defined as the ratio of
the Poiseuille number P, to the number R, as in the for-
mula [6]:

fo=— (8)
The Poiseuille number assumes a constant value, in

the case of developed laminar flow it differs depending on
the shape of the channel cross-section. For the channel
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with a circular cross-section, the Poiseuille number is
assumed to be constant at 64.

Formula for pressure drop taking into account frictio-
nal losses:

_ 2fppuL

5 ©)

Ap
where: D[m] — microchannel diameter or hydraulic dia-
meter if the channel cross-section is other than circular,
L[m] - channel length.

The Dracy coefficient of friction depends on: the type
of flow, wall roughness, channel geometry (length, dia-
meter) and is most often determined using the Moody
diagram. The Dracy coefficient of friction for laminar flow
is based on the Hagen-Poiseuille law [3]:

64 (10)

fo =57
In macro and microscale in laminar flow, the friction
loss coefficient depends on the Reynolds number and not
on the roughness [3].
In the construction of the microchannel geometry an
entrance length was included. The entrance length was
calculated from the formula [4]:

h/D = 0,05 Re (1)

The value of the entrance length was adopted at 6
mm for R, = 2100. The value of the exit length was set at
0.5 mm.

To investigate the effect of mesh density on the
results, 4 types of mesh were generated (Fig. 2) for
the same Reynolds number (R, = 1100; h = 1.75 pm;
s = 15 ym). When comparing the results, the Grid Co-
nvergence Index (GCl) was used, related to the average
velocity in the cross-section located in the middle of the
canal length [5]:

|uh2—uh1
Un1
ab —1

(12)

CGI = F, » %100

m
where: F,[—] - safety factor, Up1, Un2 [?] — selected
parameter (velocity was assumed in the middle of the
channel length, 12.5 ym from the axis of symmetry
. —lar_
hy, h, [—]— number of finite elements, p = e [-]

— mesh compaction factor, a[—] — calculation ap-

proximation order (assumed value is 2).

Number of Number of
elements: 28169 elements: 63229
Size: 0,75 pm Size: 0,5 um

Number of Number of
elements: 304679 elements: 424632
Size: 0,1 pm Size: 0,025 pm

Fig. 2. The grids used to check the recommended length of the element

To optimize the mesh, a study of the GCI coefficient
was performed. These studies have indicated, the GCI
coefficient is less than 0.4% with an element size of 0.1
pm.

Results
To investigate the influence of roughness on the flow

in the microchannel, calculations of the flow system were
performed. The changes were analysed:
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1) the shape of the roughness element - rectangle or
triangle,

2) the height of the roughness element h in relation to
the diameter of the microchannel D — parameter h/D,

3) the distance between the roughness elements s in
relation to the diameter of the microchannel D — para-
meter s/D,

4) Reynolds number (flow velocity), where R, = 100-
2100.
The influence of the shape (rectangle, triangle) and

height of the roughness element, i.e. the value of the
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Fig. 3. Distribution of the streamline in the microchannel when s/D = 0.3 with triangular roughness elements a) h/D =0.02;

b) h/D = 0.035; c) h/D =0.05

h/D parameter, on the flow in the microchannel was
investigated, and on the basis of the obtained numerical
results, stream lines were drawn, which was shown in
Figs. 3 and 4. The parameter describing the change in
the height of the roughness element is h/D, with the fol-
lowing values were analyzed h/D = 0.02; b) h/D = 0.035;
c) h/D = 0.05; with constant parameter s/D = 0.3. The
flow was carried out at the velocity of V =2.01 m/s, which
corresponds to the number R, = 100. The results of flows
in microchannels with roughness in the form of triangu-
lar and rectangular elements are presented in Figs. 3
and 4. The deformation of the flow image was shown.
The analysis of the test results shows the formation of
circulation zones behind the elements (in some cases,
circulation also occurs before the element). The flow was
not disturbed only in the case of triangular elements with
h/D = 0.02. On the basis of the analysis of the length of
the vortices, it can be concluded that the height of the
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element is the main parameter determining the length of
the vortex. For h/D = 0.035 and h/D = 0.05, of the vor-
tex length increases by 140% and 393.3%, respectively,
against h/D = 0.02. The second parameter is the element
type — rectangular elements disturb the flow more.

The distance between the roughness elements, i.e.
the influence of the parameter s/D was investigated. It
was observed that for the height of the triangular ele-
ment, when h/D = 0.02, there is no vortex zone, and for
rectangular elements, increasing the distance does not
change the length of the vortex or the length of the vortex
is slightly colder. In other cases, when the vortices do
not interact, a slight decrease in the length of the vortex,
on average 2.85% for rectangular elements, 1.13% for
triangular elements, is noticeable, so the influence of the
spacing of the roughness elements is marginal.

In order to compare the friction factor calculated on
the basis of numerical simulations in microchannels with
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Fig. 4. Distribution of the streamline in the microchannel when s/D = 0.3 with rectangular roughness elements a) h/D =0,02;

b) h/D = 0,035; c) h/D =0,05

the roughness simulated with simple geometric elements
in the form of triangles and rectangles. The calculation
results are presented in Fig. 5 and compared with the
results resulting from the Hagen-Poiseuille law (formula
10).

The results obtained from the simulation presented
in Fig. 5 show that the value of the friction factor incre-
ases with the increase of the roughness height. This is
a characteristic trend for both the model with triangular
and rectangular elements. There is also a reduction in
the coefficient as the distance between the elements si-
mulating roughness increases (for both cases). Rectan-
gular obstacles have a much higher friction factor than
triangular obstacles (5% higher on average). The greater
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the roughness, the greater the difference between rec-
tangular elements compared to triangular elements. The
obtained values of the coefficients on the basis of calcu-
lations are higher than in the case of the friction factor ob-
tained by analytical calculations, both for rough elements
modelled by means of triangles and rectangles. Rough
triangular elements have a smaller discrepancy between
the friction factor and the literature data (maximum di-
screpancy of 21% for triangular elements compared to
30% for rectangular obstacles).

In order to investigate the effect of the Reynolds
number on of the friction factor value, a comparison was
made of the flows in rough microchannels with triangu-
lar, rectangular elements, when s/D = 0.4 (selected on
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Fig. 6. Comparison of the friction factor values calculated on the basis of the simulation, experimental data [7] and the Hagen-

Poiseuille law

the basis of the previous analysis), /D = 0.035 and the
experimental data contained in [7] for a microchannel with
a diameter of 50 ym and a roughness measured at the
level of 1.75 um, which corresponds to h/D = 0.035, and
the results were compared to the Hagen-Poiseuille law
(Fig. 6).

The results show that the friction factor decreases as
the Reynolds number increases. The greatest discrepan-
cies with the experimental data occur for the Re numbers
in the range 500-1150. For rectangular elements, all re-
lative differences in this range exceed 10%. On the other
hand, triangular elements generate 3.9-5.8% of the rela-
tive error in the given range. Triangular elements simulate
the real surface condition much better.
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Conclusion

Along with the development of miniaturized techno-
logies, microchannels have found wide application in
cooling systems of various technical devices, especially
electronic devices. However, the flow behaviour in rough
microchannels still needs to be investigated. In the article,
the influence of roughness modelled with triangular and
rectangular elements on the flow and friction factor in mi-
crochannels was examined numerically. The analysis of
the numerical obtained results showed a significant influ-
ence of the roughness on the flow in the microchannel.
The conclusions based on the results are as follows:
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* The main mechanism to influence fluid flow is the cre-
ation of recirculation zones downstream of the rough-
ness elements.

« The length of the recirculation zones increases with
the height of the rectangular and triangular elements.

* The main parameters affecting the length of the re-
circulation zones are the roughness height as well as  [4]
the element type - this effect is less visible for the
triangular elements with the smallest height.

* The higher the roughness height, the greater the
pressure difference between rectangular elements in
relation to triangular elements.

* As the roughness of rectangular and triangular ele-
ments increases, the value of the pressure loss coef-  [6]
ficient increases.

» There is also a reduction in the loss factor as the
distance between the roughness simulators increases
(for both cases). 7]

» The friction factor decreases as the Reynolds number
increases (for both).

» Triangular elements achieve a much lower friction fac-
tor than rectangular elements. (8]
In the production of microchannels of complex pro-

(3]

[3]
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Abstract: The article presents the method and a prototype system to verify the degree of protection against dust penetration
developed in accordance with the PN-EN-60529:2003 standard requirements. The solution in question enables the performance of
normative tests with reference to the degrees of protection provided by enclosures (IP code) as well as extended tests concerning
the evaluation of operational reliability of devices exposed to dust. The authors present the test method, the architecture of the
developed system, and the prototype verification tests.

Keyword s: Dustiness, IP code, protection against dustiness, dust-tightness, verification test

Streszczenie: W artykule przedstawiono metode i prototypowy system badania odpornosci na statyczne oddziatywanie
pytéw, opracowany na podstawie wymagan normy PN-EN 60529:2003. Przedstawione rozwigzanie umozliwia realizacje badan
normatywnych w odniesieniu do stopnia ochrony IP zapewnianych przez obudowy, a takze w zakresie rozszerzonym do oceny
niezawodnosci dziatania urzadzenia poddanego oddziatywaniu pytu. Zaprezentowano opis metody, strukture opracowanego

systemu i badania weryfikacyjne prototypu.

Stowa kluczowe: zapylenie, kod IP, ochrona przed zapyleniem, pytoszczelnos¢, badania testowe

Introduction

The tukasiewicz Research Network — Institute for
Sustainable Technologies is the third biggest research
network in Europe. It delivers attractive, comprehensive
and competitive technological solutions, also those
tailored to the needs of and requested by companies as
part of the “challenge us” campaign — a company’s request
is analysed by a group of 4,500 scientists within no more
than 15 business days and an effective solution that is
ready to implement is proposed. In doing so, tukasiewicz
Network, at no extra cost to be incurred by a company,
engages recognised and highly-qualified researchers
and unique scientific equipment, which enables the
network to meet companies’ needs and expectations.
A business owner may choose to contact the network
via an on-line form available on https://lukasiewicz.gov.
pl/en/for-business/, or visit one of its affiliated institutes or
branches in more than 50 locations across Poland, and
they may be sure that they will always be provided with
the same high-quality product or service, no matter which
entity they contact. tukasiewicz’s Network scientific
potential is concentrated in the following research areas:
Health, Smart Mobility, Digital Transformation, and
Sustainable Economy and Energy. The innovative system
to monitor the safety of operation of technical devices
working in a dust-filled environment, developed at the
tukasiewicz Research Network — Institute for Sustainable
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Technologies and described in this article, is an example
of a solution proposed in response to a “challenge us”
request made in the Health and Energy areas.

The device enclosure provides the user with protection
against access to live or moving mechanical parts of
the device, the contact with which may be hazardous in
different operating conditions [2, 12]. The enclosure also
constitutes basic protection against external influences or
conditions, such as dustiness, electromagnetic radiation,
moisture, water, etc. Such influences or conditions may
increase the risk of electrocution, explosion, deterioration
of operating parameters or a device failure. Particularly
stringent requirements as regards dust tightness apply to
armament systems [6, 7], fire protection systems [10, 9],
aviation systems [8], and mining systems [1].

Tests to verify dust tightness of device enclosures
are carried out in order to define the degree of protection
against dust penetration or to evaluate the operational
reliability of a device exposed to dust (e.g. transported or
operated in a dust-filled environment).

One of the methods to define the degree of protection
provided by enclosures is discussed in the PN-EN
60529:2003 standard [5]. The identification code contains
the IP code and two characteristic numerals and two
additional letters (non-obligatory) that define additional
requirements or provide additional information about the
enclosure. First characteristic numerals (0-6) refer to the
following two acceptance conditions:

TECHNOLOGIA | AUTOMATYZACJA MONTAZU nr 4/2021




» the degrees of protection against access to hazardous
parts by preventing or limiting the ingress of a part of
the human body or an object held by a person; and

« the degrees of protection against the penetration
of solid foreign objects (including dust). As regards
special manufacturing, additional requirements
defined in separate standards apply [4].

Method description

The method for testing the degree of protection
against dust penetration provided by a device enclosure
is defined and regulated by normative requirements
(Fig. 1). Tests need to be carried out with the use of an
advance test device composed of pneumatic, mechanical,
measuring, and control systems.

Following the general guidelines laid down in
applicable normative documents, the authors designed
the required functionality of the test system including:

— enclosure, casing and sealing tests to ensure failure-
free operation of mechanical and electric devices
exposed to dust;

— electric enclosure dust tightness tests — determination
of the degree of protection against dust penetration
(IP code);

— operational reliability tests carried out on firearms
exposed to dust;

— packaging, casing and personal protection equipment
dust tightness tests; and

— automotive industry component dust tightness tests.
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Pressure meter
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Circulating pump or another suitable device to keep
the talcum powder in suspension

Fig.1. Structural diagram of the test system in accordance with
the PN-EN 60529:2003 standard

The specimen is placed in a tight dust chamber with
an observation window. The test consists in exposing
the specimen to dust suspended in the air blown onto
the enclosure. The amount of the dust to be used is 2
kg per cubic metre of the test chamber volume. The
circulating air passes through a square-meshed sieve
with the nominal wire diameter of 50 ym and the nominal
width of the gap between wires of 75 ym. To avoid dust
deposition on chamber components, vibrators are placed
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in key areas (diagonal wall, sieve enclosure). Where
tests are carried out on enclosures inside of which, in the
normal working cycle, the air pressure is below that of
the surrounding atmospheric pressure, a vacuum pump is
used to extract the air from the enclosure at a predefined
extraction rate and pressure.

In accordance with the adopted functionality, the
authors defined detailed technical parameters, both
general (Table 1) and with reference to structural materials
ensuring failure-free operation.

Table. 1. Basic technical parameters of the test system

Parameter Value

Test area dimensions 1000 x 1000 x 1000 mm

Velocity of dust-filled air

<1 m/s
movement

Dust type talcum powder
Dust granularity <75 um
Partial vacuum <2 kPa

Extraction rate <60 enclosure volume per hour

Structural model

The construction of test devices that enable the si-
mulation of conditions in which objects are exposed to
dust causes a lot of problems that mainly concern the
proper dosage of dust and the control over the amount
of the agent used [3]. Given the scope of the recreated
parameters, test devices are modular in structure, which
enables flexible adaptation of their operating properties
by means of an exchange of individual modules or their
structural modification.

The test device described in this article is composed
of the following functional modules:

— the process chamber;

— the air circulation system;
— the dust dosage system;
— the enclosure; and

— the control system.

In the process chamber, the specimen is exposed to
dust in controlled dustiness, temperature and humidity
conditions. The air circulation system ensures proper air
circulation inside the dust chamber and even distribution
of dust. The dust dosage system helps to keep the dust
dry and to maintain it in suspension. At the same time,
the measuring system controls the amount of dust in the
tank and enables the use of a feedback loop. The device
has a frame onto which individual modules and enclosure
elements preventing dust outflow to the external atmos-
phere are mounted.
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3D model

At the concept stage, the authors defined user so-
ftware and hardware requirements and on that basis de-
veloped in the CAD environment the structural geometric
3D model enabling computer visualisation and simulation.
The 3D model has a modular structure complying with the
specification of the structural model.

The 1 m® process chamber was designed as a thin-
-walled sheet metal structure and it was equipped with
a steel grating on which the specimen is placed (Fig. 2).
In the chamber walls, process connections and LED illu-
minators are mounted.

5

1
4 3
2

Fig. 2. Process chamber 3D model: 1 — casing; 2 — hopper;
3 — connections; 4 — grating; 5 — illuminator

The hopper connects the chamber with the air circu-
lation system (Fig. 3) composed of the process and dust
extraction circuits (Fig. 4). The process circuit is made of
modules connected in series that include: filtration, blo-
wer with connections, stream separating valves, and dust
ducts. The dust extraction circuit is intended to extract
the used (polluted) dust and it is composed of the dust
separator and flexible cords. To switch from one circuit to
another, the separating valves need to be turned manu-
ally. The dust is transported using a side channel blower,
the speed of which is controlled with an inverter.

The dust (talcum powder) with defined granularity is
placed in the dose tank (Fig. 4). The 3 dm? tank with
supports at the bottom is placed on three weight sensors
that enable dust use monitoring. To eliminate clumping,
four foil heaters and a vibrator are used — the first heat
the dust and reduce humidity, while the latter keeps the
dust in suspension and prevents its deposition.

Dust is supplied through an ejector. As regards the
weighing system, the operations of equalisation, calibra-
tion, taring and reading conversion into dust mass were
applied. After the tank is filled with dust, the weighing
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Fig. 3. 3D model of the air circulation system: 1 —filter; 2 — blo-
wer with connections; 3 — valves; 4 — dust duct; 5 — dust sepa-
rator; 6 — flexible cords

Fig. 4. 3D model of the dust dosing module (view without ca-
sing): 1 —tank; 2 — cover; 3 — clasp; 4 — breather valve; 5 — suc-
tion connection; 6 — heater; 7 — weighing sensor; 8 — vibration
isolator; 9 — vibrator

system needs to be tared to establish how much talcum
powder or other agent has been placed in the tank. The
ejector cyclically doses the required dust mass. The user
enters the dosing and interval times in seconds — the pro-
cess lasts until the specified mass is obtained.

All modules were mounted onto a frame made of
aluminium profiles. For ergonomic reasons, the dust
chamber was mounted on a level enabling its manual
operation. Below the chamber, the dust dosage and air
circulation modules were fixed (Fig. 5).
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Fig. 5. 3D model of the dust chamber: 1 — control panel ca-
binet; 2 — dust dosage module; 3 — separator; 4 — blower; 5
— control element

Measuring and control system

Based on the adopted structure, the authors develo-
ped the algorithmic model of the control system, taking
into consideration information processing circuits as well
as the hardware and software layers. The measuring and
control elements were selected in accordance with the
24VDC standard for binary signals, the 4-20mA/0-10V
standard for analogue signals and Modbus RTU commu-
nication protocol. The HG2G touch user interface com-
municates with PLC resources via Ethernet. The PLC,
HMI, and the external computer are connected to a swi-
tch.

In the measuring and control system the IT system
was divided into software modules for analogue blocks,
alarms, and modules controlling individual functional mo-
dules of the chamber.

The software is of hybrid nature and combines seve-
ral programming paradigms. The PLC and HMI software
resources enable so-called systematic programming. The
HMI software has the characteristics of so-called object-
-oriented programming. Additionally, in the user interface,
the authors used scripts to facilitate the preparation and
use of the PLC recording resources. A modular, asyn-
chronous architecture of the chamber software in the PLC
was assumed. Flags (so-called relays type M) activate
and synchronise the individual modules in line with the
idea of distributed software.

Prototype verification

The prototype dust chamber was built based on the
adopted assumptions and the developed model. The pro-
totype was equipped with a complete set of instrumenta-
tion to verify the correct operation of the individual units
(Fig. 6).
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b)

Fig. 6. Chamber prototype: a) front view; b) air circulation sys-
tem dust dosage system; c) control panel

The verification and validation tests were carried out
in the actual operational environment [13]. During the
tests trial technological processes were performed. The
test results enabled the authors to evaluate the technical
solutions used and to verify all technical documentation
drafted.

From the verification it followed that the dust dosa-
ge process was not effective enough, which was ma-
inly caused by the inappropriate length of the ejector’s
suction and delivery hose. This led to a significant drop
in partial vacuum, as a result of which the suction force
was too weak to extract the dust from the tank. Moreo-
ver, the insufficient effectiveness of the dust dosage pro-
cess was also caused by the inadequate performance of
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the breather valve located in the chamber’s casing. As
a result of the ejector’s operation, relative pressure was
created, which prevented dust ejection on the discharge
side.

Prototype verification tests ended with a trial dust ti-
ghtness test carried out on the complete enclosure with
control systems (Fig. 7).

The prototype allowed the authors to carry out the
planned tests in keeping with normative requirements.
The enclosure proved tight and no dust was found inside
it.

Conclusions

Test system to verify the degree of protection against
dust penetration enables enclosure dust tightness tests
to be carried out in accordance with normative require-
ments. The developed hardware and software architec-
ture also allows tests to be carried out under expanded
conditions defined individually to imitate the actual ope-
rational environment. Talcum powder or another agent
(e.g. sand or ash) with granularity enabling the discharge
fluidization and dust cloud creation can be used as dust.

As a result of the prototype verification the authors
were able to identify structural issues and implement re-
levant corrective actions. From the enclosure tests it fol-
lowed that the system is suitable for the determination of
the degree of protection against dust penetration.
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Abstract: Aviation structures are operated under varying environmental conditions, affecting the properties of polymer
composites, which are often used to manufacture components for airplanes and helicopters. One of such factors is an operating
temperature that changes during a flight in a very wide range. This paper presents the influence of an operating temperature
upon composite properties determined during a tensile test. In addition, composites which are intended for the research were post
cured during their preparation at different temperatures (in accordance with the recommendations of the resin manufacturer which
constitutes a matrix base). The composites consisted of 7 layers of carbon fabric, and matrix of L285 epoxy resin, with a hardener.
As a result of the testing it was noted that a change in the operating temperature exerts a significant effect on composite strength
properties regardless of the post curing temperature. The materials post cured at higher temperatures were characterized by
a greater value of the modulus of elasticity and tensile strength.

Keyword s: tensile test, CFRP, Young’s modulus, static strength

Streszczenie: Konstrukcje lotnicze sg eksploatowane w zmiennych warunkach srodowiskowych wptywajgcych na
wiasciwosci kompozytéw polimerowych, z jakich czesto wykonywane sg elementy samolotéow i $migtowcoéw. Jednym z takich
czynnikow jest temperatura uzytkowania, zmieniajgca si¢ podczas lotu w bardzo szerokim zakresie. W artykule zaprezentowano
wplyw temperatury eksploatacji na wiasciwosci kompozytu wyznaczane podczas proby rozciggania. Dodatkowo kompozyty
przeznaczone do badan wygrzewano w trakcie przygotowania w réznych temperaturach (zgodnie z zaleceniami producenta zywicy
bedacej osnowg). Kompozyty sktadaty sie z 7 warstw tkaniny weglowej przesyconych zywicg epoksydowa L285 z utwardzaczem.
W wyniku badan zauwazono, ze zmiana temperatury eksploatacji wywiera istotny wptyw na wtasciwosci wytrzymatosciowe
kompozytu bez wzgledu na temperature wygrzewania. Materiaty wygrzewane w wyzszych temperaturach cechowata wigeksza
wartos¢ wspotczynnika sprezystosci wzdtuznej i wytrzymatosci na rozcigganie.

Stowa kluczowe: préba rozciggania, kompozyt ze wzmocnieniem weglowym, modut Younga, wytrzymatos¢ statyczna

Introduction

The search for novel material solutions, enabling the
rise of utility performance parameters of products, ta-
king into account the economic and ecological aspects,
is one of the main objectives of materials engineering.
Composites as construction materials offer the designe-
rs a combination of properties not available in traditional
materials [1, 13]. Low production costs and high strength
made composites extremely common. For this reason,
composites are particularly eagerly used by designers of
various means of transport [5, 8], where by reducing we-
ight, greater ranges, lower fuel consumption and greater
transport possibilities are obtained.

The composites are used in aviation, both in the
production of light aircraft e.g. gliders but also in the
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structures of civil aircraft and military aircraft [3, 11].
During flights many planes take to high altitudes, and as
altitude increases, the outside temperature drops. In turn,
jet airplanes (especially military ones) and spacecraft
achieve high speeds during flight, and their fuselages and
other external elements may heat up due to friction [9].
So a lot of aircraft's elements operate at different tem-
peratures that may cause changes in their mechanical
properties. Nowadays one of the most frequently used re-
inforcements in polymer composites used in aviation are
carbon fibers [2]. Since the potential change in the me-
chanical properties of the material along with the tempe-
rature of use is a significant problem in aircraft structures,
the authors decided to carry out strength tests as a func-
tion of different operating temperatures of carbon fibers.
Additionally, taking into account the recommendations of
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the manufacturer of the composite matrix material [6], the
influence of the post-curing temperature of the material
at the stage of its production on the modulus of elastici-
ty was determined. When designing various structures,
including aircraft, the mechanical properties of materials
play a very important role. If these properties change
during operation, the structure may be damaged or even
destroyed. One of the most important material mechani-
cal properties of construction materials is the modulus of
elasticity, therefore this physical quantity was analyzed in
the research presented in the article.

The test examination was a static tensile test [7].
Each sample from a batch was heated up at a different
temperature. During the test, the samples were subjected
to a constant temperature, simulating a heightened tem-
perature of operation.

Research methodology

In order to conduct the test, the authors prepared
composite panels, which were then used to cut out sam-
ples. The composite reinforcement was a carbon-fiber
fabric GG 416 P/T, 416 g/m? in weight, with a double we-
ave. The laminate consisted of seven layers.

The matrix base was made up of epoxy resin L285
with H285 hardener, in accordance with the manufactu-
rer's recommendations, mixed in 100:40 weight ratio. In
order to meet the design requirements during the con-
struction of gliders and motor gliders, resin should be
post cured at a temperature of 50-55 °C. If the resin is to
be used to build engine aircraft, it should be post cured at
a temperature of 80°C. The temperature range in which
no significant changes in the properties of the resin are
observed is included between -60°C to 50—60 °C without
post curing, and between —60°C to 80-100°C for a post
cured material.

Fig. 1. Test samples
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In order to remove any air bubbles from the compo-
sition, after mixing the components, the authors removed
gas in an ultrasound bath for five minutes. Then the lay-
ers were put together and laid down in a hydraulic press.
They were exposed to a load of 30 tonnes. The obtained
material was used for the preparation of rectangular sam-
ples for the tests, sized 280 x 25 x 2.5 mm, in accordance
with the EN ISO-527 standard [4]. The samples were cut
out by means of the waterjet method.

The prepared sample (Fig. 1) were exposed to the
process of post curing in a climatic chamber, manufac-
tured by Weiss WKL 64. Each batch was post cured at
a different temperature: 35, 55, 80 and 100°C for 24 ho-
urs, respectively.

The tests were conducted by means of the Instron
5982 Testing System with an optical tensometer, additio-
nally equipped with SF-16 resistance furnace. The traver-
se movement was 2 mm/min during the tests.

In the first stage, the bearing capacity of the prepa-
red samples was determined. For this purpose, a batch
of samples, not subjected to post curing, was used. The
average bearing load of the examined sample batch amo-
unted to 44 kN. It was decided to continue using tensile
load of 25 kN in proper research. In accordance with the
adopted methodology, the sample was inserted in a re-
sistance furnace and heated up to a set temperature. It
was stabilized at this temperature for 5 min. The loading
was increased up to 25 kN (Fig. 2).

Fig. 2. Strength testing machine with a chamber furnace ready
for research
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Research results

The test results of the composite cured at room tem-
perature prove that along with a temperature increase
during an examination, there is an almost linear decrease
in the value of Young's modulus (Fig. 3).

Force (kN)

] 0,2 0,4 0,6 0,8 1
Displacement € (%)
——30°C ——40°C

~-60 °C 80°C =—100°C

Fig. 3. Tensile test curves of samples cured at room tempera-
ture

Table 1. Young’s modulus values which are dependent upon
temperature for the composite cured at room temperature

Temperature (°C) 30 40 60 80 100
Modulus of
elasticity (GPa) 75.45 | 74.65 | 62.01 | 53.62 | 47.80

The results of the composite cured at room tempe-
rature are shown in Table 1. Up to the temperature of
40°C, no change in Young’s modulus was observed (Fig.
4). However, above this temperature a steady decline in
the modulus value is noticeable, by 47.80 GPa for the
temperature 100°C.

60

50

30

20

10

0
30 40 60 80 100

Temperature of testing (°C)

Young's modulus (GPa)
oy
o

Fig. 4. Young’s modulus of the composite hardened at ambient
temperature

Increasing the temperature of testing composites
post cured at 35°C, similar to a non-post cured composi-
te, causes an almost linear decrease in Young’s modu-
lus (Fig. 5, 6). It seems that values close to the value of
the modulus of elasticity during an examination at 30°C
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and 40°C may be due to a slight increase in temperature.
They do not entail changes in the structure of the compo-
site matrix base. At higher research temperatures, there
was a decline in Young’s modulus to a value of 51.91
GPa for the temperature 100°C (Table 2), i.e. by 28%.

Table 2. Young’s modulus values which are dependent on
a temperature for the composite post cured at 35°C

Temperature (°C) 30 40 60 80 100
Young's modulus |/, o1 | 74 05 | 62.38 | 58.08 | 51.91
(GPa)

u o N
o O o

Young's modulus (MPa)
= N w B
o o o o o

30 40 60 80 100

Temperature of testing (°C)
Fig. 5. Young’s modulus of composite post cured at 35°C
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Fig. 6. Tensile test graph of samples post cured at 35°C

The examinations of the samples post cured at 55°C
show a drop in Young’s modulus along with increasing
the examination temperature. Young’s modulus changes
in a linear manner, from 76 to 63.18 GPa (Fig. 7), yet
its drop is lower than for samples post cured at a lower
temperature.

Table 3. Young’s modulus values which are dependent on tem-
perature research for the composite post cured at 55°C

Temperature (°C) 30 40 60 80 100
Young's modulus | /4o | 765 | 7367 | 69.39 | 63.18
(GPa)
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Fig. 7. Young’s modulus of samples post cured at 55°C

The examination carried out for the samples post
cured at 80°C demonstrates that the elasticity modulus
initially rose at 40°C, and then, at a further temperature
rise, its value was lowered. The highest value of Young’s
modulus equalled 72.3 GPa (for the research temperatu-
re of 40°C), and the lowest was 59.61 GPa (for the rese-
arch temperature of 100°C) (Fig. 8).

Table 4. Dependence between Young’s modulus values and
research temperature for the composite post cured at 80°C

Temperature (°C) 30 40 60 80 100

Young's modulus
(GPa)

30 40 60 80 100

Temperature of testing (°C)

68.55 | 72.3 | 68.41 | 66.66 | 59.61

Young's modulus (GPa)
(= N w B w D ~ 0
o o o o o o o o

o

Fig. 8. Young’s modulus of samples post cured at 80°C

No significant differences of Young’s modulus were
observed for samples post cured at 100°C during tests
conducted at 30, 60, 80°C (Fig. 9). During a test at a tem-
perature of 40°C, the value of Young’s modulus exce-
eded 6%, whereas at 100°C it was over 8 % lower than
Young’s modulus, determined at 30°C. The changes can
also be observed on a graph displaying a static tensile
test of the sample (Fig. 10).

Table 5. Dependence between Young’s modulus values and
research temperature for the composite post cured at 100°C

Temperature (°C) 30 40 60 80 100
Young's modulus | o, o5 | 3960 | 84.71 | 81.47 | 76.86
(GPa)

32

Young's modulus (GPa)

~
o

: I I I I
70 l
30 40 60 80 100

Temperature of testing (°C)

Fig.9. Young’s modulus of samples post cured at 100°C
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Fig. 10. Graph of a tensile test of samples post cured at 100°C
was

Young’s modulus value depended on temperatures,
in which the composite was post cured (Fig. 11). Batch
samples post cured at 100°C are characterized by the
highest value of Young’s modulus, regardless of the test
temperature. Batch samples which were post cured at
ambient temperature and at a temperature of 35°C are
characterized by similar values (the differences do not ex-
ceed 5 GPa). The most stable value of Young’s modulus
is characterized by samples post cured at 55°C (chan-
ging the value is approximately 10 GPa for the whole ran-
ge of the research temperatures). On the other hand, the
biggest changes were observed for the material cured at
room temperature.
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Fig. 11. Young’s modulus in a function of temperature for all
batches
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After the tests were carried out in the thermal cham-
ber, all the samples underwent full tensile tests. Exam-
ples of stress-strain curves after temperature testing are
shown in Fig. 12. The highest bearing capacity (approxi-
mately 47 kN) was observed in samples post cured at
55°C and 80°C. It needs to be noted that these are the
temperatures recommended by the resin manufacturer.
The sample post cured at 80°C was also characterized
by the highest value of relative deformation during the
destruction - the lowest deformation during destruction
demonstrated the sample post cured at 100°C, in which
the highest value of Young’s modulus is visible.

50

Force (kN)

sample 20
sample 35
sample 55
sample 80
sample 100

0 0,2 0,4 0,6 0,38 1 12
Dispalcement, € (%)

Fig. 12. Tensile test curves of selected samples after tempera-
ture tests

Conclusions

Based on the analysis of the results of the conducted
research, the following conclusions were formulated:

1. The tests carried out have shown that the tempera-
ture change has a significant impact on the strength
properties of the composite. Both the post-curing pro-
cess and the thermal conditions of the exploited com-
posite affect its strength.

2. Post-curing at higher temperatures increases the mo-
dulus of elasticity, which is important in aircraft struc-
tures [10, 12]. The highest value of this coefficient,
regardless of the test temperature, has a composite
hardened at a temperature of 100°C, which shows
that when recommending the value of the post-curing
temperature, the manufacturer was not guided solely
by the value of Young's modulus.

3. The majority of the examined composites were cha-
racterized by the highest value of the modulus of ela-
sticity during the tests at 40°C, the process of post
curing the sample increases the tensile strength of the
examined composites, after the entire testing cycle,
the samples post cured at 55°C (recommended for
gliders) and at 80°C (recommended for engine air-
craft) had the highest bearing capacity.
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THE INFLUENCE OF THERMAL SHOCK ON THE LOAD CAPACITY
OF CYLINDRICAL ADHESIVE JOINTS MADE OF EN AC-ALSI7-MG0.3
ALUMINUM ALLOY AND GLASS-EPOXY COMPOSITE EP405-GE

Wplyw szokdw termicznych na nosnos¢ potaczen klejowych czopowych walcowych
wykonanych ze stopu aluminium EN AC-AISi7-Mg0.3 i kompozytu szkifo-epoksyd

EP405-GE

Wiadystaw ZIELECKI ORCID: 0000-0002-7864-5525
Przemystaw BIELENDA

Ewelina OZGA ORCID: 0000-0002-7359-6007
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Abstract: The aim of the work was to investigate the effect of thermal shocks on the load capacity of cylindrical adhesive
joints. The adhesive joints are made of ENAC-AISi7Mg0.3 aluminum alloy (sleeve) and glass-epoxy compositeEP405-GE (pivot).
The elements were joined together with the Araldite 2014 adhesive composition. The thicknesses of the adhesive layer were
0.025 mm, 0.075 mm or 0.125 mm. The adhesive joints were subjected to 0, 50, 100 or 150 cycles of temperature changes. The
maximum temperature was 60°C and the minimum temperature was -20°C. The results of the strength tests show that in the ac-
cepted range of variability of input factors, subjecting the joints to thermal shocks had a positive effect on their load capacity. The
highest values of load capacity were observed for joints with 0.125 mm or 0.075 mm thick adhesive layer, which were subjected
to 150 cycles of temperature changes. According to the results of the regression and correlation analysis, within the adopted
range of input factors variability, the number of cycles of temperature changes has a statistically significant influence on the load
capacity. It has been shown that the load capacity of adhesive joints increases with an increase in the number of cycles of tem-
perature changes. Student's t-test shows that statistically significant differences in the load capacity of adhesive joints subjected
to a different number of thermal shocks cycles occur in the case of variants: GO75L0 (adhesive layer thickness 0.075 mm, number
of cycles 0) and G075L150 (adhesive layer thickness 0.075 mm, number of cycles 150) and variants: G125L0 adhesive layer
thickness 0.125 mm, number of cycles 0) and G125L150 (adhesive layer thickness 0.125 mm, number of cycles 150).
Keywords: thermal shocks, cylindrical adhesive joints, aluminum alloy EN AC-AISi7-Mg0.3, glass-epoxy composite EP405-
GE

Streszczenie: Celem pracy byta ocena wplywu szokéw termicznych na no$nos$¢ potgczen klejowych czopowych walco-
wych. Ztgcza klejowe wykonano ze stopu aluminium ENAC-AISi7Mg0,3 (tuleja) oraz kompozytu szkto-epoksydowego EP405-GE
(czop). Elementy potgczono ze sobg za pomoca kompozycji klejowej Araldite 2014. Grubosci utworzonych spoin klejowych
wynosity 0,025 mm, 0,075 mm i 0,125 mm. Potgczenia klejowe poddano 0, 50, 100 lub 150 cyklom zmian temperatury. Tempe-
ratura maksymalna wynosita 60°C, a minimalna -20°C. Wyniki badan wytrzymatosciowych wskazujg, ze w przyjetym zakresie
zmiennosci czynnikow wejsciowych, poddawanie ztgczy szokom termicznym miato pozytywny wptyw na ich nosnos¢. Najwyzsze
wartosci nosnosci zaobserwowano w przypadku ztgczy ze spoing o grubosci 0,125 mm i 0,075 mm, ktére poddano 150 cyklom
zmian temperatury. Zgodnie z wynikami analizy regresji i korelacji, w przyjetym zakresie zmiennosci czynnikéw wejsciowych,
liczba cykli zmian temperatury ma istotny statystycznie wptyw na nosnosc¢ potaczen. Wykazano, ze nosnosc¢ ztgczy klejowych
ro$nie wraz ze wzrostem liczby cykli zmian temperatury. Test t-Studenta wskazuje, ze istotne statystycznie réznice w nosnosci
potgczen poddawanych réznej liczbie cykli zmian temperatury wystepuja w przypadku wariantéw: GO75L0 (grubos¢ spoiny 0,075
mm, liczba cykli 0) i GO75L150 (grubosé spoiny 0,075 mm, liczba cykli 150) oraz wariantéw: G125L0 (grubos$¢ spoiny 0,125 mm,
liczba cykli 0) i G125L150 (grubosc¢ spoiny 0,125 mm, liczba cykli 150).

Stowa kluczowe: szoki termiczne, potgczenie klejowe czopowe walcowe, stop aluminium EN AC-AISi7-Mg0,3, kompozyt
szkto-epoksydowy EP405-GE

Introduction One of such disadvantages is the limited temperature re-

sistance of adhesives [7].

Adhesive technology is used in many different indu-
stries. The popularity of adhesive joints results from their
numerous advantages, including the possibility of joining
elements made of various materials, good damping and
sealing properties, no need to make holes and possibility
of reducing the weight of the structure [6, 14, 17]. Never-
theless, adhesive joints also have some disadvantages.

34

The adhesives are of polymer nature. Therefore, the
thermal properties of polymers influence the behavior of
the adhesive joint at reduced, elevated or changing tem-
peratures [4, 7]. Polymer materials (including adhesives)
exposed to elevated temperatures are subject to the so-
-called thermal degradation. During degradation, macro-
molecules break down into smaller fragments. Increasing
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the cross-linking of the material structure in the initial
stage of degradation may lead to an improvement in its
strength properties. However, further degradation pro-
gress, resulting in a reduction of the molecular weight or
excessive cross-linking of the structure, may contribute to
the reduction of the material strength [18].

The phenomenon of increasing the strength of adhesi-
ve joints under the influence of elevated temperature was
investigated in [20]. The analyzes were carried out on the
joints formed with the use of the adhesive composition
with the optimal curing agent content, the composition
with the excess curing agent and the composition with the
curing agent deficiency. The joints were subjected to ad-
ditional heat treatment at the stage of forming the adhe-
sive joints. It was shown that heat treatment contributed
to an increase in the static strength of connections at am-
bient temperature, regardless of the curing agent content
in the adhesive composition. It has also been proven that
heat treatment of joints with an excess of curing agent
resulted in a decrease in the static strength of joints ope-
rated at elevated temperatures. Therefore, the authors of
the research concluded that heat treatment (reheating)
cannot be treated as a universal method of increasing the
strength of adhesive joints.

Not only high, but also low temperatures can signifi-
cantly affect the properties of adhesives. It was proved in
[19] that negative temperatures increase the brittleness
of epoxy compounds. For this reason, adhesives that are
used at low temperatures are generally more plastic than
those intended for use at elevated temperatures [5]. It
was shown in [12] that low temperatures increase the stif-
fness of adhesive joints, while high temperatures reduce
it.

In practice, adhesive joints are most often exposed
to cyclical temperature changes. The problem of thermal
fatigue caused by thermal shocks has been the subject
of various studies [8-11, 13].

The work [11] analyzes the effect of thermal loads
on the shear strength of 316L steel single lap adhesive
joints connected with Hysol 9484 and Hysol 3421 adhe-
sives. The adhesive joints were subjected to 200 cycles
of temperature changes. The minimum temperature was
-40°C and the maximum 60°C. The conditioning time of
the samples at each temperature was 15 minutes. Accor-
ding to the test results, subjecting the samples to ther-
mal shocks reduced the mean value of the shear stress.
The highest, 30% decrease in shear stress value was
observed for joints connected with Hysol 9484 with me-
chanically processed adhesive surfaces.

Similar studies are presented in [9]. The adhesive
joints of 316L steel, connected with Epidian 5 and Epi-
dian 6 epoxy adhesives hardened with Z1 and PAC cu-
ring agents, were subjected to 200 cycles of temperature
changes in the range from -40°C to 60°C. As a result of
the research, it was found that the adhesive compositions
with the PAC curing agent had the highest resistance to
thermal shocks. In turn, the greatest decrease in the
value of shear stresses in the aftermath of temperature
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changes was observed in the case of joints connected
with the Epidian 5 + Z1 composition (about 50% decrease
in shear stresses).

The subject of the work [8] was the analysis of the
influence of cyclic temperature changes on the Young's
modulus of adhesivecompositions based on Hysol 9466
and Hysol 3421 epoxy resin. The samples were subjec-
ted to 200 cycles of temperature changes. The minimum
temperature was -40°C and the maximum 60°C. The au-
thor of the research showed that as a result of subjecting
the samples to thermal shocks, the Young's modulus va-
lues decreased by 8% for Hysol 9466 and 20% for Hysol
3421.

The authors of the work [13] investigated the effect of
thermal shocks on the interlayer adhesion of fiber-metal-
-laminate composites with a polymer-fiber layer used to
make a glass fiber prepreg with a thermosetting epoxy
matrix. The samples, depending on the variant, were
subjected to 500 or 1000 cycles of temperature changes.
The minimum temperature was -40°C and the maximum
60°C. It was observed that under the influence of ther-
mal shocks the stiffness of the composite matrix and the
strength of the interlayer adhesive joint decreased. It was
found that differences in thermal expansion of composite
components were the main reason for the reduction of
the joint strength.

To sum up, the problem of the influence of thermal
shocks on the strength properties of adhesive joints
seems to be a very important issue in the design and
operation of adhesive structures. In the literature, there
are some analyzes concerning the influence of thermal
shocks on the strength of adhesive joints. However, the
results of these analyzes are partial and inconclusive.
Moreover, most of the research was carried out on lap
joints in which the same materials were joined together.
Therefore, it is justified to conduct further research that
would allow for a better understanding of the problem,
explaining the mechanism of the phenomena, and most
importantly, predicting the strength properties of adhesi-
ve joints subjected to thermal shocks. Therefore, the aim
of the research presented in the article is to assess the
impact of thermal shocks on the load capacity of cylin-
drical adhesive joints made of ENAC-AISi7Mg0.3 alum-
inum alloy and glass-epoxy compositeEP405-GE. The
adhesive joints examined in the article reflect the actual
joints in composite overhead insulators. A more detailed
description of the overhead composite insulators can be
found in the works [3, 21]. This article is a continuation of
the research presented in [21], which included the analy-
sis of the effect of natural seasoning on the load capacity
of cylindricaladhesive joints.

Methodology
The analysis of the impact of thermal shocks on the
load capacity of adhesive joints was carried out for cy-

lindrical joints. The sleeves were made of ENAC-AISI-
7-Mg0.3 aluminum alloy (Table 1). The pivots were made
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Table 1. Chemical composition of ENAC-AISi7Mg0.3 aluminum alloy [1]

Fe Si Mn Ti Cu Mg Zn Others
max019 | 65-75 | max01 | max025 | max005 | 025-045 | maxO0.07 ef‘;gl%ﬂ& Al - balance

of EP405-GE glass-epoxy composite (manufacturer - KU-
VAG ISOLA Composites GmbH, Germany).

The two-component composition Araldite 2014 (ma-
nufacturer — Huntsman, Germany) was used to make the
adhesive joints. Araldite 2014 is resistant to temperatures
up to 120°C (248°F), exposure to different chemicals and
water. It can be used for bonding ceramics, metals, GRP
structures, electronic components and other elements
exposed to an aggressive environment and elevated
temperature. The curing of the Araldite 2014 composition
takes place at room temperature [2].

The surfaces of pivots and sleeves were mechanically
treated in order to develop the geometrical structure of
the surface and, as a result, to increase the strength of
adhesive joints between the adhesive and the adherends.

Table 2. Results of surface roughness measurements

The sleeve surfaces were turned on the LZ-360 universal
lathe (manufacturer — Fabryka Maszyn Tarndéw, Poland).
The pivots surfaces were ground using a RUP-280 roller
grinder (manufacturer — Fabryka Maszyn Tarnéw, Po-
land) with an MVBE 45 grinding wheel with dimensions
of 400x50x107 mm (manufacturer — Norton Saint-Gobain
HPM Polska Sp. z o. o., Poland).

Then, the surface roughness of the adherends
(sleeves and pivots) was measured. Measurements were
carried out using an optical profilometerTalysurf CCI Lite
(manufacturer —Taylor Hobson, England). The designa-
tions and the meaning of the surface roughness para-
meters were adopted in accordance with the PN-EN ISO
4287:1999standard [16].The results of the roughness
measurements are presented in Table 2.

SLEEVE (turned)
2Dparameters
Rp Rv Rz Rc Rt Ra Rq Rsk Rku
11.8 pm 7.51 ym 19.4 pm 17.7 pm 20.9 pm 4.64 pm 5.46 ym 0.579 2.00
um Length = 1.65 Pt=31.1 ym Scale = 40.0 pm
20+ ' ' ' ' ' '
15
10
<]
g
_5—_
-0
15 N
0 0.1 0!2 03 0!4 0.5 OIB 07 GIB 0.9 11 1|2 13 1‘4 15 1|,6 mm
3Dparameters
Sq Ssk Sku Sp Sv Sz Sa
16.1 uym 0.853 3.10 63.1 ym 26.3 uym 89.5 ym 13.0 ym
0 04 08 12 1.6 mm .
- 80
0.2 B
'Fm
04
80
0.6 -
50
40
30
20
10
0
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PIVOT (ground)

2Dparameters
Rp Rv Rz Rc Rt Ra Rq Rsk Rku
9.88 pm 8.75 uym 18.6 ym 4.16 um 18.6 ym 0.599 pm 1.14 ym 0.635 294
um ¢ Length = 1.65 mm Pt = 31.1 um Scale = 50.0 um
a0 ) ) A ' ) ) : : ) ) 1 ' ) ) \ -
10 I
] | ; | f ) i
0 o T - -
1 I i | L
-10 ’ L
-20 3
0 o1 02 02 04 05 08 07 08 08 1 11 12 12 14 15 16mm
3Dparameters
Sq Ssk Sku Sp Sv Sz Sa
12.6 ym -0.597 2.21 36.2 um 40.8 um 77.0 pm 10.8 ym
um
0 0.4 0.8 1.2 1.6 mm

The next step was to degrease the surfaces of the
adherends in order to remove grease contamination,
dust and other machined residues that could weaken the
connection. The pivots and sleeves were placed in an

Fig. 1. Dimensions and shape of the cylindrical adhesive joints
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EMMI-40HC ultrasonic cleaner (manufacturer — EMAG,
Poland) filled with acetone. After 5 minutes, the ele-
ments were removed from the washer and allowed to dry
completely (the drying time was 5 to 10 minutes). The
elements prepared in this way were bounded using the
Araldite 2014 composition. A schematic drawing of the
created cylindrical adhesive joints is shown in Figure 1.

The pivots diameter (d1) was 16-0.01 mm. The inner
diameter of the sleeves (d2) was made in three dimen-
sions: 16.05 mm, 16.15 mm, 16.25 mm so that it was
possible to form joints with 0.025 mm, 0.075 mm or 0.125
mm adhesive layer thickness. The Araldite 2014 adhesi-
ve composition was applied to the inner surface of the
sleeve and the central part of the pivot surface with a spa-
tula. The sleeve was placed in the middle of the pivot.
The sample prepared in this way was placed in a special
device (jigging fixture).The device allowed to maintain the
desired (coaxial) position of the joined elements and as
a result the same thickness of the adhesive layer thro-
ughout the cross-section. The cross-linking process in the
device was carried out for 48 hours at the temperature of
21 + 1°C. The scheme of the device used is presented
in Figure 2.
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Fig. 2. Scheme of the device

The created adhesive joints were subjected to thermal
shocks. For this purpose, the samples were alternately
placed in a freezer (manufacturer — Electroline Equip-
ment Inc, Canada) at a temperature of -20°C and in a va-
cuum dryer (model DZ-2BC I, manufacturer — Huanghua
Faithful Instrument Co., LTD, China) at a temperature of
60°C. The samples were conditioned at each temperature
for 30 min. Figure 3 shows the conditions of the conduc-
ted thermal shocks.

N1 cycle 150 cycles

60 EeEE
g
2
3
8
3 30| 60
£
@
2

-20

Time [min]

Fig. 3. Thermal shock conditions

After the samples were subjected to thermal shocks,
12 variants of adhesive joints were obtained. The variants
differed in the number of cycles of temperature changes
and the thickness of the adhesive layer. All variants are
presented in Table 3.

The last step of the research was testing the strength
of the cylindrical adhesive joints. The samples were sub-
jected to an axial shear test on a Zwick/RoellZ100 testing
machine (manufacturer: ZwickRoell GmbH & Co. KG,
Germany). Figure 4 shows a sample placed in the handle
of the machine.

Strength tests were carried out in accordance with the
PN-EN ISO 10123: 2019-07 standard (Adhesives — De-
termination of shear strength of anaerobic adhesives
using pin-and-collar specimens) [15]. During the tests,
a test speed of 5 mm/min, initial force of 50 N and a ma-
ximum deformation of 15 mm were assumed
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Table 3. Variants of the created cylindrical adhesive joints

TR ey Number of cycles
Serial No X Y of temperature Variant
thickness [mm]
changes
1. 0 G025L0
2. 50 G025L50
0.025
3. 100 G025L100
4. 150 G025L150
5. 0 G075L0
6. 50 G075L50
0.075
7. 100 G075L100
8. 150 G075L150
9. 0 G125L0
10. 50 G125L50
1.125
11. 100 G125L100
12. 150 G125L150

upper compression plate

test specimen

test specimen support

Fig. 4. The sample placed in the handle of the machine

Results and discussion

Table 4 and Figure 5 show the results of strength tests
carried out for 12 variants of adhesive joints.
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Table 4. Strength test results
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Fig. 5. Strength test results

Based on Table 4 and Figure 5, it can be concluded
that the adhesive joints that have not been subjected to
thermal shocks have the lowest load capacity. Adhesive
joints with the same adhesive layer thickness, which were
subjected to cyclical temperature changes, have a higher
load capacity. Therefore, within the accepted range of va-
riability of input factors, subjecting the adhesive joints to
thermal shocks had a positive effect on their load capa-
city. The highest values of load capacity were observed
for joints with 0.125 mm and 0.075 mm thick adhesive
layer, which were subjected to 150 cycles of temperature
changes. In the case of joints with 0.075 mm thick adhe-
sive layer, it was noticed that the load capacity increases
with an increase in the number of cycles. The increase
in the load capacity of joints subjected to thermal shocks
can be explained by the fact that high temperature could
increase the cross-linking of the adhesive structure and
stiffness of joints.

The results of the research on the influence of thermal
shocks on the load capacity of cylindrical adhesive jo-
ints were statistically analyzed using the Student's t-test.
Statistical significance a = 0.05 was assumed for the
analyzes. Student's t-test was used to analyze significant
differences between the load capacity of adhesive joints
subjected to the same number of cycles of temperature
changes, differing in the thickness of the adhesive layer.
The results of the Student's t-test are presented in Table
5.

Based on Table 5, it can be seen that the probabi-
lity values p are in most cases greater than 5%. The-
refore, within the accepted range of variability of input
factors, the compared variants of adhesive joints do
not show statistically significant differences in terms of
load capacity. Statistically significant differences in load
capacity are revealed only between the pair G025L150
(adhesive layer thickness 0.025 mm, number of cycles
150) and G075L150 (adhesive layer thickness0.075 mm,
number of cycles 150) and the pair G025L150 (adhesi-
ve layer thickness0.025 mm, number of cycles 150) and
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Table 5. The results of the analysis of significant differences
between the load capacity of adhesive joints with different ad-
hesive layer thickness

Nl::;“:ee;()f Compared variants p [%]
G025L0 G075L0 35.370

0 G025L0 G125L0 42.135
G075L0 G125L0 29.598

G025L50 G075L50 40.531

50 G025L50 G125L50 33.430
G075L50 G125L50 24.776

G025L100 G075L100 48.532

100 G025L100 G125L100 44.582
G075L100 G125L100 44.339

G025L150 G075L150 3.880

150 G025L150 G125L150 0.413
G075L150 G125L150 41.161

Table 6. The results of the analysis of significant differences
between the load capacity of joints with 0.025 mm thick adhe-
sive layer, which were subjected to 0, 50, 100 and 150 cycles
of temperature changes

p [%] G025L0 G025L50 G025L100 | G025L150
G025L0 X 18.984 9.351 46.090
G025L50 X 38.647 18.804

G025L100 X 7.699
G025L150 X

Table 7. The results of the analysis of significant differences
between the load capacity of joints with 0.075 mm thick adhe-
sive layer, which were subjected to 0, 50, 100 and 150 cycles
of temperature changes

p [%] GO75L0 GO075L50 G075L100 | GO75L150
GO075L0 X 20.453 10.853 4.460
GO075L50 X 31.361 15.427
GO075L100 X 30.424
G075L150 X

G125L150 (adhesive layer thickness 0.125 mm, number
of cycles 150). This means that only in the case of these
two pairs, the thickness of the adhesive joint has a signifi-
cant influence on the load capacity of the adhesive joints.

Student's t-test was also used to analyze significant
differences between the load capacity of adhesive joints
with the same thickness of the adhesive layer, but with
a different number of cycles of temperature changes. The
analyzes were performed for joints with 0.025 mm (Ta-
ble 6), 0.075 mm (Table 7) and 0.125 mm (Table 8) thick
adhesive layer.
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Table 8. The results of the analysis of significant differences
between the load capacity of joints with 0.125 mm thick adhe-
sive layer, which were subjected to 0, 50, 100 and 150 cycles
of temperature changes

p [%] G125L0 G125L50 | G125L100 | G125L150
G125L0 X 7.990 15.858 1.179
G125L50 X 38.589 13.014
G125L100 X 11.076
G125L150 X

On the basis of Table 6, it can be concluded that all
p values are greater than 5%. Therefore, within the ac-
cepted range of variability of input factors, in the case of
adhesive joints with 0.025 mm thick adhesive layer, the
number of cycles of temperature changes does not have
a significant effect on their load capacity. According to the
results presented in Table 7, only when comparing the
variants GO75L0 and GO75L150 the p value is less than
5%. This means that within the accepted range of varia-
bility of input factors, a statistically significant difference in
load capacity occurs in the case of joints with 0.075 mm
thick adhesive layer, which were not subjected to cyclic

Table 9. Results of the one-way analysis of varianceANOVA

Input variable Output variable p

Adhesive layer thickness

(ALT) 0.480

Load capacity (P)

Number of thermal shock cycles

(CN) 0.057

Loadcapacity (P)

Table 10. Results of regression and correlation analysis

temperature changes or were subjected to 150 cycles of
thermal shocks. A similar situation is observed in Table 8.
According to the presented results, within the accepted
range of variability of the input factors, a statistically si-
gnificant difference in load capacity occurs only between
joints with 0.125 mm thick adhesive layer, which were
not subjected to thermal shocks or were subjected to 150
cycles of temperature changes.

The results of the strength tests were also subjected
to the one-way analysis of varianceANOVA. This analysis
was used to determine the extent to which the dependent
variable (adhesive layer thickness or the number of cyc-
les) affects the independent variable (load capacity). The
results of the analysis are presented in Table 9.

The p values listed in Table 9. are greater than 0.05.
This means that, according to ANOVA, both the thickness
of the adhesive layer and the number of thermal shock
cycles do not have a significant effect on the load capaci-
ty of the adhesive joints.

Subsequently, regression and correlation analysis
was performed. The input factor was the thickness of the
adhesive layer (ALT) or the number of thermal shock cyc-
les (CN). The output factor was the load capacity of the
adhesive joints. As a result of the conducted analyzes,
regression equations were obtained. The equations show
the relations between the load capacity and the adhesive
layer thickness and between the load capacity and the
number of thermal shock cycles. The calculated values
of the Pearson's linear correlation coefficient (R) indicate
the degree of linear dependence between the analyzed
variables. The values of the determination coefficient R2
specify the percentage of changes in the output variable
resulting from changes in the input variable. The results
of the regression and correlation analysis are presented
in Table 10.

Pearson's i
. . . Coefficient of
Input Output Linearregressione correlation determination
variable variable quation coefficient R2 P1 P2 Ps
R
ALT P yP = 24325 +7958xALT 0.111 0.012 0.000 0.226 0.226
CN P yP =24041 + 11.7 xCN 0.225 0.051 0.000 0.013 0.013

p, - probability value for the constant, p, - probability value for the coefficient for the adhesive layer thickness / number of cycles, p; - probability value

for the regression equation

According to the results of the analysis presented in
Table 10, the regression equation describing the rela-
tionship between the load capacity and the number of
thermal shock cycles can be considered statistically signi-
ficant (p3<0.05). Moreover, both the constant value and
the value of the coefficient at the number of cycles have
a significant influence on the result of the regression equ-
ation. The value of the Pearson linear coefficient indicates
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that the load capacity of adhesive joints increases with an
increase in the number of thermal shock cycles. The re-
gression equation describing the relationship between the
load capacity of the joints and the adhesive layer thick-
ness is not statistically significant (p3> 0.05). Therefore,
the thickness of the adhesive layer does not significantly
affect the load capacity of the adhesive joints.

41




Conclusions

1. In the adopted variability of input factors, subjecting
the samples to thermal shocks contributed to the
increase of the load capacity of the adhesive joints.
The highest increase in load capacity, amounting to
13%, was observed in the case of joints with 0.075
mm thick adhesive layer, which were subjected to 150
cycles of temperature changes. The increase in the
load capacity of joints subjected to thermal shocks
can be explained by the fact that high temperature
could increase the cross-linking of the adhesive struc-
ture and stiffness of joints.

2. The analysis of significant differences between the
load capacity of adhesive joints with different adhesi-
ve layer thicknesses showed that within the adopted
range of variability of the input factors, only joints with
adhesive layer thickness of 0.025 mm and 0.075 mm,
as well as, 0.025 and 0.125 mm, which were sub-
jected to 150 cycles of temperature changes, differ
significantly in terms of load capacity. Therefore, only
in these two cases the thickness of the adhesive joint
had a significant influence on the load capacity of the
joints.

3. The analysis of significant differences between the
load capacity of joints subjected to a different number
of cycles of thermal shock showed that within the ad-
opted range of variability of the input factors, statisti-
cally significant differences in load capacity occur only
in the case of joints with 0.075 mm or 0,125 mm thick
adhesive layer, which were not subjected to thermal
shocks or were subjected to 150 cycles of thermal
shock. Therefore, only in these cases the number of
cycles of temperature changes had a significant im-
pact on the load capacity of the adhesive joints.

4. According to the results of the regression and correla-
tion analysis, the relationship between the load capa-
city of the adhesive joints and the number of cycles is
statistically significant. The value of Pearson's linear
correlation coefficient indicates that the load capaci-
ty of a connection increases with an increase in the
number of cycles of temperature changes.
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